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ABSTRACT

Nuclear transport is an energy-dependent process mediated by saturable receptors. Import and export receptors are
thought to recognize and bind to nuclear localization signals or nuclear export signals, respectively, in the trans-
ported molecules. The receptor–substrate interaction can be direct or mediated by an additional adapter protein. The
transport receptors dock their cargoes to the nuclear pore complexes (NPC) and facilitate their translocation through
the NPC. After delivering their cargoes, the receptors are recycled to initiate additional rounds of transport. Because
a transport event for a cargo molecule is unidirectional, the transport receptors engage in asymmetric cycles of
translocation across the NPC. The GTPase Ran acts as a molecular switch for receptor–cargo interaction and imparts
directionality to the transport process.

Recently, the combined use of different in vitro and in vivo approaches has led to the characterization of novel
import and export signals and to the identification of the first nuclear import and export receptors.
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NUCLEAR IMPORT

The nuclear localization sequences

In the mid 1980s, identification of specific sequences
required for the nuclear localization of several proteins
opened the way for much of the experimental progress
made since+ Because these sequences were neces-
sary and sufficient to target a protein to the nucleus,
they were called nuclear localization sequences or NLSs
(Kalderon et al+, 1984; Lanford & Butel, 1984)+ These
classical NLSs fall into two categories, a simple se-
quence of 3–5 basic amino acid residues, sometimes
associated with a proline or glycine, and a bipartite
signal comprised of the simple sequence 10 residues
downstream from a basic dipeptide (reviewed by Ding-
wall & Laskey, 1991)+ Classical NLSs are also referred
to as basic NLSs or canonical NLSs+

Recently, it was found that nuclear protein localiza-
tion could be specified by different signals+ For in-
stance, several ribosomal proteins and hnRNP proteins
do not contain classical NLSs (Moreland et al+, 1985;

Underwood & Fried, 1990; Schaap et al+, 1991; Schmidt
et al+, 1995; Siomi & Dreyfuss, 1995; Michael et al+,
1997; Russo et al+, 1997)+ This is also the case for
several small nuclear RNA-binding proteins, such as
U1 A (Kambach & Mattaj, 1992) and U1 70K (Romac
et al+, 1994)+ Among these nonclassical NLSs, the best
characterized is the NLS of hnRNP A1 and related pro-
teins+ Called the M9 domain, the sequence consists of
a glycine-rich sequence of 38 amino acids and is re-
quired for both import and export of A1 (Michael et al+,
1995; Siomi & Dreyfuss, 1995)+ A second nonclassical
NLS was identified recently in the hnRNP K protein and
named the KNS (Michael et al+, 1997)+ Certainly one of
the most complex NLSs is the NLS present on small
nuclear U snRNPs formed by the Sm core proteins
binding to the U snRNA and trimethylation of the 59-
guanosine cap+ Depending on the cell type or the U
snRNA, the trimethyl guanosine cap is either essential
or required for optimal U snRNP import efficiency
(Fischer & Lührmann, 1990;Hamm et al+, 1990; Fischer
et al+, 1993)+

The NLS receptors

The basic paradigm of nuclear-cytoplasmic transport is
that the signals for import or export are recognized by
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saturable transport receptors that shuttle between nu-
cleus and cytoplasm (reviewed by Görlich & Mattaj,
1996; Görlich, 1997; Nigg, 1997)+ According to this
model, depicted in Figure 1, an import receptor binds
its cargo in the cytoplasm and carries it through the
NPC into the nucleus+ On the nuclear side, the im-
ported cargo is released and the receptor returns to the
cytoplasm without the cargo+ Conversely, an export re-
ceptor binds its export cargo in the nucleus and re-
leases it in the cytoplasm+ This model predicts that the
different environments of the nucleus and cytoplasm
regulate the binding of receptors to their cargoes+ Sev-
eral lines of evidence suggest that the small GTPase
Ran is a major determinant of compartment identity by
regulating cargo binding to and release from the recep-
tors+ In the following sections, we will review the NLS
receptors characterized thus far and we will discuss
how the GTPase Ran modulates the interaction of these
receptors with their cargoes+

The heterodimeric receptor, Importin- a/b,
mediates nuclear import of classical NLSs

In vitro analysis of protein import initially identified two
distinct steps in the import pathway (Newmeyer &
Forbes, 1988; Richardson et al+, 1988)+ The first step is
the association of the NLS-containing protein with the

cytoplasmic side of the pore complex, or docking+Dock-
ing activity could be reconstituted with two factors: a
pair of 54/56-kDa proteins that bound directly to the
NLS, and a 97-kDa protein that linked the 54/56-kDa
proteins to the nuclear pore (Adam & Adam, 1994;Gör-
lich et al+, 1995; Radu et al+, 1995)+ The second step,
accumulation of the NLS protein in the nucleoplasm,
was found to require the small GTPase Ran as well as
the docking proteins (Melchior et al+, 1993; Moore &
Blobel, 1993)+ The cDNA sequences for the 54/56-kDa
and 97-kDa proteins have been determined sub-
sequently (reviewed in Görlich & Mattaj, 1996; Nigg,
1997)+ Because several different groups simultaneously
reported the cDNA sequences of the proteins, they have
come to be known by several names+ The 54/56-kDa
proteins are variously known as the NLS receptor/
Importin-a/karyopherin-a/PTAC 58 in vertebrates and
SRP1 in yeast+ The 97-kDa protein is known as p97/
Importin-b/karyopherin-b/PTAC 97 in vertebrates and
Kap95p in yeast+ Hereafter, we will refer to these pro-
teins as Importin-a and Importin-b+

How do these components interact to achieve pro-
tein localization to the nucleus? Importin-a and -b di-
merize in solution, and this dimer is sometimes referred
to as the NLS receptor+ It is not clear if the complex of
Importin-a, Importin-b, and the NLS protein forms in
the cytoplasm and subsequently docks at the pore, or
if assembly occurs on the pore complex+ Docking of

FIGURE 1. Shuttling receptor model+ Nuclear import and export are mediated by shuttling receptors (R), which recognize
and bind to nuclear localization sequences (NLS) or nuclear export sequences (NES), respectively+An import receptor binds
its cargo (C) in the cytoplasm, translocates through the nuclear pore complex (NPC), and releases the cargo into the
nucleoplasm+ The receptor is recycled back to the cytoplasm to initiate another round of import+ Conversely, an export
receptor binds its cargo in the nucleoplasm and releases it in the cytoplasm+
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this trimeric complex is mediated by the binding of
Importin-b to components of the pore+ In solution bind-
ing assays, Importin-b binds a family of nuclear pore
complex proteins (nucleoporins) containing FG peptide
repeats (Iovine et al+, 1995;Moroianu et al+, 1995; Radu
et al+, 1995)+ A number of nucleoporins contain these
peptide repeats, creating the potential for multiple dock-
ing sites on the pore+One protein in particular, Nup358,
also known as RanBP2 (Ran Binding Protein 2), is a
prime candidate for initial docking+ Localized to the dis-
tal ends of the cytoplasmic pore filaments,Nup358 binds
Importin-b and Ran-GTP (Melchior et al+, 1995; Wu
et al+, 1995; Yokoyama et al+, 1995)+ This arrangement
would place Nup358 in an ideal position to nucleate the
assembly of a cytoplasmic import complex and allow
its commitment to the import machinery+

Importin- b mediates import of different
substrates by interacting with
specific adapters

Multicellular organisms encode a family of Importin a-like
proteins sharing several structural features+On the other
hand, yeast possess only a single Importin-a protein+
Although sequence identity between members of the
Importin-a family varies from 45% to 85%, the overall
structure of the proteins is shared+ Each is comprised
of approximately 540 amino acids divided into a large
central domain of eight armadillo-like repeats flanked
by short amino and carboxyl termini+Within the amino-
terminal region lies an NLS-like region of positively
charged amino acids, the Importin-b binding or IBB
domain, that interacts with Importin-b+ The IBB domain
is sufficient to bind Importin-b and direct a fused carrier
protein to the nucleus (Görlich et al+, 1996a;Weis et al+,
1996b)+ In this respect, Importin-a can be considered
an adapter between the NLS protein and Importin-b;
the NLS protein is then a passive passenger+ The role
of the different Importin a-like proteins in nuclear im-
port is not yet clear+ Specificity for different NLSs has
been demonstrated for two of the human Importin-a
proteins and, in Drosophila, at least one Importin-a ho-
mologue is expressed in a tissue-specific manner (re-
viewed by Görlich, 1997)+ This suggests that Importin-b
may mediate nuclear import of a variety of nuclear pro-
teins by interacting with a multiplicity of adapters with
different specificities+

Snurportin, an a-like protein, is the adapter
for U snRNPs import

U snRNPs represent a distinct class of macromol-
ecules imported into the nucleus+ As described above,
nuclear targeting relies on the Sm core proteins and
the trimethyl-guanosine cap (m3G-cap)+ Recently, a
46-kDa protein that could be specifically crosslinked to

m3GpppAmpUmpCp was identified as an m3G-cap-
binding protein (J+ Huber, C+ Marshallsay, U+ Crontz-
hagen,M+Sekine,& R+ Lührmann, in prep+)+This protein,
Snurportin, stimulates import of microinjected U snRNPs
in Xenopus oocytes, providing strong support for a di-
rect role in this process+ Interestingly, Snurportin is an
Importin a-like protein, containing an IBB domain+

Importin-b may also mediate U snRNP import (Pala-
cios et al+, 1997)+ The Importin-a IBB domain specifi-
cally inhibited both protein and U snRNP nuclear uptake
in vitro+ In contrast, classical NLS peptides do not in-
hibit U snRNP import, indicating that U snRNPs do not
require Importin-a for their import (Palacios et al+, 1997
and references therein)+ Depletion of Importin-b from
cytoplasmic extracts, which resulted in co-depletion of
Importin-a, abolished both protein and U snRNP im-
port+ Restoration of U snRNP import required only the
re-addition of recombinant Importin-b+ Although it is
likely that upon binding to the m3G cap on the U snRNPs
Snurportin recruits Importin-b via the IBB domain, it is
not yet clear how the Sm core proteins, carrying the
essential import signal, are recognized+ Snurportin may
also recognize the Sm core or at least one additional
essential adapter may be missing from the picture+

A family of b-like proteins mediates import of
karyophiles bearing nonclassical NLSs

One of the most exciting recent revelations in the
transport field has been the identification of specific
receptors for the import of different classes of nuclear
proteins+Unlike the import of proteins containing a clas-
sical NLS, these proteins bind directly to an Importin
b-like protein and do not require a separate adapter or
Importin a-like protein+ The b-like proteins are mem-
bers of a large family of Ran-GTP binding proteins ex-
hibiting limited sequence similarity with the Ran binding
domain of Importin-b (Fornerod et al+, 1997b; Görlich
et al+, 1997)+

The import receptor for the M9 sequence of hnRNP
A1 is a b-like protein called Transportin in humans
(Fig+ 2; Nakielny et al+, 1996; Pollard et al+, 1996; Fridell
et al+, 1997)+ A similar protein in yeast, Kap104p,
was co-isolated biochemically with the hnRNP proteins
Nab2p and Hrp1p/Nab4p (Aitchison et al+, 1996)+ A
Kap104p mutant strain mislocalizes Nab2p at the non-
permissive temperature+ The import signal recognized
by Kap104p has not been identified, but analysis of the
Nab2p and Nab4p sequences does not identify a se-
quence conforming to the human M9 domain+ Kap121p/
Pse1p and Kap123p are receptors for the import of
ribosomal proteins in yeast (Rout et al+, 1997; Schlen-
stedt et al+, 1997)+ A human putative homologue,
RanBP7, has been described, but its role in any import
process has not been demonstrated (Görlich et al+,
1997)+
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ROLE OF THE SMALL GTPase RAN AND ITS
COFACTORS IN NUCLEAR TRANSPORT

The small GTPase, Ran, has been implicated in most
nuclear import and export processes described thus
far (reviewed by Koepp & Silver, 1996)+ Like other small
GTPases, Ran is regulated by several cofactors that
modulate its nucleotide-bound state (see Fig+ 3)+ The
Ran GTPase-activating protein-1 (RanGAP1) stimu-
lates the intrinsic GTPase activity of Ran by up to five
orders of magnitude and triggers the conversion of Ran-
GTP into Ran-GDP (Bischoff et al+, 1994, 1995a)+ The
action of RanGAP1 is potentiated by Ran binding pro-
tein 1 (RanBP1, Coutavas et al+, 1993), which co-
stimulates the activity of RanGAP1 by a factor of 10
(Bischoff et al+, 1995b)+ RanGAP1 and RanBP1 are
predominantly cytoplasmic (Hopper et al+, 1990; Mel-
chior et al+, 1993; Bischoff et al+, 1995a; Richards et al+,
1996)+ RanGAP1 modified by the ubiqutin-like mol-
ecule SUMO-1 is also found in association with the
NPC (Matunis et al+, 1996;Mahajan et al+, 1997; Saitoh
et al+, 1997)+ In the nucleus, the chromatin-bound gua-
nine nucleotide exchange factor, or GEF (RCC1), pro-
motes the exchange of Ran-bound nucleotide+ Because

the concentration of GTP in the cell is higher than that
of GDP, RanGEF activity results in a net conversion of
Ran-GDP into Ran-GTP (Ohtsubo et al+, 1989; Bischoff
& Ponstingl, 1991)+ Therefore, nuclear Ran is likely to
be GTP-bound, whereas the small amounts of Ran
found in the cytoplasm are likely to be in the GDP-
bound form+ The nucleotide-bound state of Ran can be
thought of as a determinant of compartment identity+

How is Ran utilized during transport? Ran is required
for the accumulation of NLS-containing cargoes in the
nucleus in digitonin-permeabilized cells+ In intact cells,
Ran must cycle through the GTP- and GDP-bound forms
during protein import (reviewed by Koepp & Silver,
1996)+ The mechanism of Ran action during import or
export is still unknown+ The interaction of the b-like
receptors with their cargoes or with nucleoporins is reg-
ulated by the binding of Ran to the receptor (reviewed
by Görlich, 1997)+ During export, the binding of Ran-
GTP to the receptor is required for interaction of the
receptor with its cargo (Fornerod et al+, 1997a; Kutay
et al+, 1997; Stade et al+, 1997)+ It is not clear if Ran-
GTP binding is required for the binding of the receptor
to the pore+ The opposite situation exists during import+
The binding of Ran-GTP to the import receptor pre-

FIGURE 2. Importin and Transportin import cycles+ Karyophilic proteins (K) bearing a canonical NLS are imported by the
Importin-a/b complex+ Importin-a directly binds the NLS and interacts with Importin-b via the IBB domain+ Importin-b docks
the complex to the NPC+ Translocation of the trimeric complex (K/a/b) requires Ran+ After translocation, the high levels of
Ran-GTP in the nucleoplasm promote the dissociation of the complex by direct binding to Importin-b+ Importin-b and a are
then recycled separately to the cytoplasm+ CAS/Cse1p (see text) mediates export of Importin-a+ Transportin mediates
import of hnRNP A1 and related proteins having an NLS referred to as the M9 domain+ Transportin binds directly to the M9
domain and does not require an adapter or an a-like protein+ Ran regulates the Transportin–A1 interaction+
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vents the interaction of the receptor with its cargo and
the nuclear pore (Rexach & Blobel, 1995; Chi et al+,
1996;Görlich et al+, 1996c)+ Such an interaction of Ran-
GTP with the import receptor would be useful for ter-
minal dissociation of the import complex on the nuclear
side of the pore, but would be clearly detrimental in the
cytoplasm+A mutant form of Importin-b that cannot bind
Ran cannot release its cargo on the nuclear side of the
pore, supporting this suggestion (Görlich et al+, 1996c)+
Importin-b also forms a tetrameric complex with Ran-
GDP, RanBP1, and Importin-a in solution, and RanBP1
enhances docking and nuclear accumulation of pro-
teins suggesting that such a complex might form in the
cytoplasm during import (Chi et al+, 1996)+ A mutant
form of Importin-b that binds Ran-GTP but not Ran-
GDP/RanBP1 docks at the pore normally, but cannot
accumulate cargo within the nucleus (Chi et al+, 1996)+
Such experiments suggest that both the GTP-bound
and GDP-bound forms of Ran may participate in im-
port of cargoes mediated by Importin-b+

During translocation through the pore, the import or
export complex likely interacts with several different
nucleoporins+ During import, the initial docking of the
receptor complex has been suggested to occur on a

single nucleoporin, RanBP2/Nup358 (Melchior et al+,
1995)+ Nup358 binds Importin-b, Ran-GTP, and the
SUMO-1-modified form of RanGAP1 (Wu et al+, 1995;
Yokoyama et al+, 1995; Mahajan et al+, 1997; Saitoh
et al+, 1997)+ This assemblage of factors suggests that
the initial docking at the pore may involve a commit-
ment step requiring the hydrolysis of GTP by Ran+ Less
is known about possible sites of association for the
transport complex more internally in the pore structure+
A more internally disposed nucleoporin complex, the
p62 complex, localizes to the central core regions of
the pore+ This complex is noteworthy because of its
association with the Ran-GDP binding protein, p10/
NTF2 (Paschal & Gerace, 1995)+ NTF2 stimulates
Importin-b-mediated import in vitro, but its role in im-
port is less well characterized than other factors+ In
solution binding assays, NTF2 has been suggested to
nucleate the assembly of several transport factors (Nehr-
bass & Blobel, 1996)+ However, the identity of the NPC
component(s) that would translate Ran’s GTP cycle
into a directed movement through the NPC is not yet
known+ Note that there is some evidence that Ran may
not be the only GTPase required for import in perme-
abilized cells (Sweet & Gerace, 1996), although other
studies suggest that Ran accounts for the sole utiliza-
tion of GTP (Weis et al+, 1996a)+ It remains to be seen
if another requirement for GTP or ATP has been over-
looked in the in vitro assays+

NUCLEAR EXPORT

Although the export of monomeric proteins from the
nucleus is likely to be an important activity, the vast
majority of export substrates are complex ribonucleo-
proteins (RNPs), such as messenger RNPs and ribo-
somal subunits, each composed of RNA and multiple
distinct proteins+ Recent work has identified two export
receptors that mediate export of monomeric proteins+
One of the two is also involved in export of one class of
RNA substrate, the U snRNAs+

In the next sections, we will focus on the RNA-
binding proteins involved in export, the nature of their
export signals and of their putative receptors, and how
the small GTPase Ran and its cofactors determine the
directionality of the export process+

RNA-binding proteins involved in nuclear
export of cellular RNAs

More than a decade ago, Zasloff (1983) and coworkers
showed that export of tRNA was temperature depen-
dent and saturable, thus an active receptor-mediated
process+ Similar conclusions were drawn on the export
of ribosomal subunits (Bataillé et al+, 1990; Pokrywka &
Goldfarb, 1995) and of polymerase II-transcribed RNAs
(mRNAs and UsnRNAs) (Jarmolowski et al+, 1994)+ The
major clases of nuclear RNAs do not compete with

FIGURE 3. The nucleotide-bound state of Ran as a determinant of
compartment identity+ The small GTPase Ran can bind either GDP or
GTP+ The intrinsic GTPase activity of Ran is activated by the con-
certed action of the GTPase-activating protein (GAP, or Rna1p in
yeast) and the Ran binding protein 1 (RanBP1)+ Because both of
these proteins are localized in the cytoplasm, Ran would be mainly
in the GDP-bound form in this compartment+ The conversion of Ran-
GDP into Ran-GTP requires the guanine nucleotide exchange factor
(GEF or RCC1)+ Because RanGEF is tightly associated with chro-
matin, nuclear Ran is likely to be bound to GTP+
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each other for export, suggesting that each class uses
a distinct limiting export mediator+

During the last few years, progress has been made
in the identification of saturable, class-specific, RNA
export mediators+ Paradoxically, although the export of
tRNA and ribosomal subunits were the first mecha-
nisms known to be receptor mediated, little is known
about the factors involved+ The ribosomal protein L5
and the transcription factor TFIIIA have been sug-
gested to mediate 5S rRNA export (Guddat et al+, 1990),
but direct evidence is lacking+

U snRNA nuclear export: The role of the nuclear
cap binding complex (CBC)

A heterodimeric nuclear CBC consisting of a cap bind-
ing protein of 80 kDa (CBP80) and a cap binding pro-
tein of 20 kDa (CBP20) (Izaurralde et al+, 1994, 1995;
Kataoka et al+, 1994) is a limiting factor for the export ot
U snRNAs (Jarmolowski et al+, 1994)+ Microinjection of
antibodies to CBP20 that prevent CBC binding to the
cap structure blocked U snRNA export in Xenopus oo-
cytes (Izaurralde et al+, 1995), providing direct evi-
dence for a role of CBC in U snRNA export+ The genes
coding for the yeast homologues of CBP80 and CBP20
are not essential, although their disruption severely im-
pairs vegetative growth (Colot et al+, 1996; Görlich
et al+, 1996b and references therein; P+ Fortes & I+W+
Mattaj, pers+ comm+)+ However, because export of U
snRNAs has not been demonstrated to occur in yeast,
it is not possible to ascertain if an essential role of CBC
in U snRNA export is evolutionarily conserved+

mRNA export is likely to be mediated
by hnRNP proteins

Messenger RNAs, like all polymerase II-transcribed
RNAs, have a modified 59 cap structure+ Electron mi-
croscopy studies on the Balbiani ring RNP particle of
Chironomus tentans indicated that mRNA export oc-
curs with the 59 end of the RNA interacting with the
pore first and leading the way as the RNA translocates
into the cytoplasm (reviewed by Daneholt, 1997)+ As
with U snRNAs, the CBC binds to the 59 end of mRNA
transcripts and remains bound to the cap during trans-
location of the RNP (Visa et al+, 1996)+ Thus, the CBC
could be involved in the association of the RNP particle
with the NPC or in the translocation process itself+How-
ever, several lines of evidence suggest that the cap
structure and CBC do not play an essential role in mRNA
export (Jarmolowski et al+, 1994)+ First, microinjection
of anti-CBP20 antibodies into Xenopus oocyte nuclei
did not affect mRNA export, whereas, as mentioned
above, they completely blocked U snRNA export (Iza-
urralde et al+, 1995)+ Moreover, yeast strains carrying
conditional alleles of the gene encoding the guanylyl
transferase subunit (CEG1) of the yeast capping en-

zyme under restrictive conditions (Fresco & Buratowski,
1996), or having a disruption of the genes encoding
yCBP80 and yCBP20, do not show a defect in mRNA
nuclear export as assessed by oligo(dT) in situ hybrid-
ization (P+ Fortes & I+W+ Mattaj, pers+ comm+)+

A second common feature of nuclear mRNP parti-
cles is the association of numerous RNA-binding pro-
teins (hnRNP proteins) with each RNA+ The shuttling
of several hnRNP proteins between the nucleus and
the cytoplasm suggests that they may be involved in
the nucleocytoplasmic trafficking of mRNA (reviewed
by Nakielny & Dreyfuss, 1997)+ Of the characterized
hnRNP proteins, the shuttling of hnRNP A1 is the best
understood+ The M9 domain of A1 is required for both
Transportin-dependent import (Nakielny et al+, 1996;
Pollard et al+, 1996; Fridell et al+, 1997) and nuclear
export of the protein (Michael et al+, 1995)+ Because
A1 remains bound to the mRNA during translocation
through the pore, it was suggested that A1 promotes
export of the mRNA via the M9 domain+ Nuclear injec-
tion of a large excess of hnRNP A1, but not of a mutant
protein lacking the M9 domain, inhibits mRNA export
(Izaurralde et al+, 1997a)+However, the M9 domain alone
does not inhibit mRNA export, although it binds Trans-
portin and saturates hnRNP A1 import both in vivo and
in vitro (Pollard et al+, 1996; Izaurralde et al+, 1997a)+
These results indicate that A1 is involved in mRNA
export, but this export is likely not to be mediated by
Transportin (Izaurralde et al+, 1997a, 1997b)+ In addi-
tion, export of some mRNAs is not inhibited by an ex-
cess of hnRNP A1 (Saavedra et al+, 1997a), implying
that mRNA export may not occur by a single mecha-
nism+ Export of an individual mRNA might depend on
the pattern of associated hnRNP proteins and the type
of export signals they carry+ Consistent with this is the
recent finding of a signal that confers shuttling on the
hnRNP K protein (Michael et al+, 1997)+ Interestingly,
the K shuttling signal (KNS) is not conserved in Xen-
opus hnRNP K+ It is not known which RNA, if any,
utilizes the KNS for export+

Several yeast proteins structurally related to verte-
brate hnRNP proteins have been described (Wilson
et al+, 1994)+ Npl3p/Nop3p is structurally and function-
ally related to hnRNP A1 (Flach et al+, 1994; Wilson
et al+, 1994) and mutations in Npl3 that affect the ex-
port of polyadenylated mRNA from the nucleus have
been described (Russel & Tollervey, 1995; Singleton
et al+, 1995)+ In spite of the structural and functional
similarities, there are critical differences between the
two proteins+ The export of Npl3p/Nop3p from the nu-
cleus requires continuous transcription of RNA, consis-
tent with the idea that Npl3p/Nop3p leaves the nucleus
only in association with RNA (Lee et al+, 1996)+ HnRNP
A1, on the other hand, leaves the nucleus indepen-
dently of ongoing transcription, but its nuclear import is
transcription dependent (Piñol-Roma & Dreyfuss, 1991)+
These data may suggest that hnRNP-like proteins
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present in the yeast cell nucleus, in contrast with their
vertebrate counterparts, do not directly provide the nu-
clear export signal (NES) to the mRNP export sub-
strate, but may be involved in recruiting proteins that
do have an NES to the mRNP (see below)+

The NESs

One of the best characterized export factors is the HIV
protein Rev+ Rev promotes export of viral RNAs by
binding to a cis-acting element, the Rev response ele-
ment (RRE), through an RNA-binding domain+ A sec-
ond domain, called the Rev activation domain, functions
as an NES (for a review see Cullen & Malim, 1991 and
references therein)+ Peptides comprising the NES trig-
ger rapid export of large reporter proteins that would
otherwise be restricted to the nucleus (Fischer et al+,
1995; Wen et al+, 1995)+ The Rev NES consist of a
short leucine-rich stretch of amino acids with the con-
sensus: Leu-X2-3-Y-X2-3-Leu-X-Leu/Ile, where X repre-
sents any amino acid and Y represents Leu/Ile/Phe/
Val or Met (Bogerd et al+, 1996)+ To avoid confusion,
this type of NES is referred to as the Rev-like NES or
leucine-rich NES+ The leucine-rich NES is present in
several proteins, including the transcription factor TFIIIA
(Fischer et al+, 1995; Fridell et al+, 1996), involved in 5S
rRNA export, and in two yeast nuclear pore-associated
proteins, Gle1p (Murphy & Wente, 1996) and Mex67p
(Segref et al+, 1997)+ A functional Rev-like NES is also
present in proteins that are not known to be involved in
RNA export, such as PKI (Wen et al+, 1995), IkB (Wen
et al+, 1995; Fritz & Green, 1996), RanBP1 (Richards
et al+, 1996; Zolotukhin & Felber, 1997), and MAPKK
(Fukuda et al+, 1996)+

The U snRNP and 5S rRNP export substrates
carry a Rev-like NES

Rev NES peptides have been used to identify cellular
RNAs that are likely to be exported by factors carrying
a Rev-like NES+ In Xenopus oocytes, Rev-NES conju-
gates saturate U snRNA and 5S rRNA export without
affecting mRNA or tRNA export (Fischer et al+, 1995)+
The saturation of 5S rRNA export could be explained in
part by the observation that TFIIIA has a Rev-like NES
(Fischer et al+, 1995; Fridell et al+, 1996)+ Export of 5S
rRNA can be mediated by either TFIIIA or ribosomal
protein L5, which does not contain a Rev-like NES+
Therefore, one would predict that, if TFIIIA-mediated
export is blocked, 5S rRNA molecules should access
the cytoplasm by the L5 pathway+ However, this is not
the case, suggesting the involvement of an additional
leucine-rich NES-bearing protein in 5S rRNA export+ In
that respect, it would be interesting to know if export of
mutant 5S rRNA molecules, that cannot longer bind
TFIIIA, can still be inhibited by an excess of Rev NES
peptides+

In the case of U snRNAs, it is not yet clear whether
the export signal is carried directly by CBC or if CBC
binding allows addition of other NES-bearing proteins,
because U snRNAs form sizeable particles before ex-
port (Terns et al+, 1993)+

The mRNP NESs
The export mediators for mRNA and tRNA export are
not saturated by the Rev NES and probably recognize
different signals+ This is supported by the observation
that hnRNP A1, which does not contain a leucine-rich
NES, may be involved in the export of some mRNAs
(Izaurralde et al+, 1997a)+ Two yeast proteins involved
in mRNA export, Gle1p/Rss1p (Del Priore et al+, 1996;
Murphy & Wente, 1996) and Mex67p (Segref et al+,
1997), contain Rev-like NESs+ Mutations in the NESs
of Gle1p and Mex67p result in nuclear accumulation of
polyadenylated RNA (Murphy & Wente, 1996; Segref
et al+, 1997)+ The Mex67p NES saturates Rev-mediated
export and export of U1 snRNA, but does not affect
mRNA export in vertebrate cells (Segref et al+, 1997)+
Furthermore, the NESs are not conserved in the hu-
man homologues of Mex67p, TAP (Segref et al+, 1997),
or Gle1p (S+Wente, pers+ comm+)+ These observations
raise the possibility that the NESs in Mex67p and Gle1p
are not acting as export signals for mRNA+ Thus,mRNA
export in yeast as well as vertebrates would not be
using a Rev-like NES pathway+ Alternatively, it is pos-
sible that in yeast the major mRNA export pathway is
the Rev-like NES pathway+ During evolution, the need
to specifically regulate export of some mRNAs may
have led to the appearance of alternative pathways,
such that the NES pathway is essentially used by U
snRNAs and 5S rRNA, but not by mRNAs+Although we
cannot exclude that some mRNAs would still use the
Rev-NES pathway in higher eukaryotes, it is tempting
to speculate that the large number and diversity of
hnRNP proteins in these organisms versus yeast may
correlate with the diversity of export pathways avail-
able for mRNAs+

How many different NESs exist and how many differ-
ent pathways from the nucleus are available to mRNAs?
In spite of the limited number of mRNAs and proteins that
have been analyzed for export, we know already three
different classes of export signals: the Rev-like NES,
the M9 domain, and the recently described shuttling
signal in hnRNP K (KNS)+ Taking into account that about
20 different hnRNP proteins have been characterized
in vertebrate cells (reviewed by Dreyfuss et al+, 1993)
and that many also shuttle, one can predict that addi-
tional export signals will be described+

Most nuclear export processes require
Ran-GTP in the nucleus
A number of studies indicate that Ran and its regula-
tory proteins are required for the export of mRNAs and
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snRNAs+ However, these studies did not distinguish
whether Ran was directly or indirectly involved in ex-
port+ Depletion of Ran-GTP from the nuclear compart-
ment by injection of either RanGAP1, RanBP1, or a
Ran mutant that cannot stably bind GTP (RanT24N)
blocks all major export pathways across the NPC (Iza-
urralde et al+, 1997b), including export of mRNA, U
snRNA, tRNA, Importin-a, and Rev protein+ Export of
Importin-b and Transportin was also severely com-
promised+ The export block was not a secondary con-
sequence of import inhibition because, under these
conditions, nuclear uptake of either NLS or M9 reporter
proteins was not affected+ In contrast, introduction of a
Ran mutant deficient in GTP hydrolysis (RanQ69L,
Klebe et al+, 1995) did not affect export of several sub-
strates, including Importin-a and -b, Transportin, Rev-
like NESs, and tRNA+ These results suggest that the
export of most molecules from the nucleus requires
nuclear Ran-GTP, but may be independent of GTP hy-
drolysis by Ran (Izaurralde et al+, 1997b; Richards
et al+, 1997)+ Earlier studies with the tsBN2 cell line,
which contains a temperature-sensitive RCC1, showed
that at the nonpermissive temperature tRNA was ex-
ported, whereas both mRNA and U snRNA accumu-
lated in the nucleus+ This result was interpreted as
suggesting that tRNA export occurs independently of
the Ran system (Cheng et al+, 1995; see Goldfarb, 1997)+
An alternative explanation for this observation could be
that the levels of nuclear Ran-GTP are depleted slowly
upon inactivation of RCC1+ Consistent with this second
suggestion, Richards et al+ (1997) have shown that
tsBN2 cells at the nonpermissive temperature export
the Rev-NES, indicating that sufficient Ran-GTP re-
mains in the nucleoplasm to support some export+ Rev-
NES export could only be inhibited after the shift to the
nonpermissive temperature by microinjection of Ran-
GAP1 into the nucleus+

In summary, most export processes analyzed so
far require Ran-GTP in the nucleus, however, not all
depend on GTP hydrolysis by Ran+ This would, in
turn, suggest that the energy required for translocation
is provided by another source, which remains to be
identified+

The nuclear export receptors or exportins

In the Importin-mediated nuclear protein import path-
way, free nuclear Ran-GTP is thought to trigger the
release of the cargo on the nucleoplasmic side of the
pore by direct binding to Importin-b (Rexach et al+, 1995;
Chi et al+, 1996; Görlich et al+, 1996c)+ Conversely, it is
the presence of Ran-GTP in the nucleus that allows the
formation of the receptor–cargo complexes for export
(Fornerod et al+, 1997a; Kutay et al+, 1997; Stade et al+,
1997)+ These observations provide a rationale for the
requirement for nuclear Ran-GTP in most export pro-
cesses described+

Chromosomal region maintenance (CRM1)
is the export receptor for Rev-like NESs

Recently, the Rev-like NES receptor was identified as a
previously described protein CRM1 (Fornerod et al+,
1997a; Stade et al+, 1997)+ CRM1 was originally iden-
tified in Schizosaccharomyces pombe as a gene that is
required for normal chromosome morphology (Adachi
& Yanagida, 1989)+ CRM1 belongs to the family of Ran
binding proteins that share similarities with the Ran
binding domain of Importin-b (Fornerod et al+, 1997b;
Görlich et al+, 1997)+CRM1 also interacts with the nucle-
oporin Nup214/CAN and was therefore predicted to be
a transport receptor+ The cytotoxin Leptomycin B pro-
vided two keys to the identification of CRM1 as the
NES receptor+ First, in S. pombe, resistance to Lepto-
mycin B was mapped to the CRM1 gene (Nishi et al+,
1994)+ Second, Leptomycin B inhibits Rev-mediated
export in mammalian cells (Wolff et al+, 1997) and Xen-
opus oocytes (Fornerod et al+, 1997a)+

Leptomycin B-mediated inhibition of U snRNA and
Rev protein export could be rescued by overexpres-
sion of CRM1+ Direct interaction of recombinant CRM1
with Rev-NES peptide conjugates could be reconsti-
tuted in vitro in the presence of Ran-GTP+ Furthermore,
this interaction could be competed by Leptomycin B+
Independently, Stade et al+ (1997) isolated a condi-
tional mutant of CRM1 that blocks Rev NES export at
the nonpermissive temperature+ Together, these re-
sults provide strong evidence for a direct role of CRM1
in mediating Rev-like NES nuclear export+ Thus, the
export of NES-containing proteins fits to a simple model
in which the NES binds to CRM1 in the nucleus due to
the high concentration of Ran-GTP there+ This complex
is translocated through the NPC+ On the cytoplasmic
side, the presence of RanGAP and RanBP1 leads to
hydrolysis of the Ran-bound GTP and the release of
the NES-protein (Fig+ 4)+ Although this model is a plau-
sible description of NES–protein export, it is, however,
not clear how CRM1 is involved in the export of more
complex RNP substrates+

Two-hybrid screenings using Rev-NES and yeast or
human libraries led to the isolation of human or yeast
NES interacting proteins (hRip/Rab, yRip; Bogerd
et al+, 1995; Fritz et al+, 1995; Stutz et al+, 1995)+ The
human and the yeast Rips contain repeated motifs
present in several nucleoporins, but do not share any
other common motif+ Both are localized at the nuclear
pore, although cytoplasmic staining is observed also
for the human proteins+ Rip is a nonessential protein,
and yeast strains carrying a disruption of this gene
show a partial reduction of Rev-mediated export (Stutz
et al+, 1995)+ However, because a direct interaction be-
tween Rev-NES and Rip was difficult to obtain with
recombinant proteins and Rev-NES interacts with sev-
eral nucleoporins, including CAN/Nup214, in the two-
hybrid assay (Fritz & Green, 1996; Stutz et al+, 1996), it
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is likely that these interactions were mediated by the
endogenous yeast CRM1 protein+ Indeed, a recent re-
port demonstrated that, in three CRM1 mutant strains,
Rev-NES/nucleoporin interactions are no longer ob-
served, but can be reestablished by introducing the
wild-type CRM1 gene (Neville et al+, 1997)+ In these
strains, mRNA export was not affected+ Thus, although
it is clear that CRM1 is an export receptor for Rev-like
NESs that interact with both nucleoporins and Ran, its
role in mRNA export in yeast needs further investiga-
tion+ In contrast, in higher eukaryotes, the lack of spe-
cific inhibition of mRNAexport with BSA-NES conjugates
(see above) and with Leptomycin B (Fornerod et al+,
1997a) strongly suggests that mRNAs are not ex-
ported via the Rev-NES pathway+

Cellular apoptosis susceptibility protein (CAS)
is the nuclear export receptor of Importin-a

The receptor for the classical NLS-mediated import path-
way is comprised of Importin-a and Importin-b+ After
translocation of the receptor through the pore and re-
lease of the cargo in the nucleus, the two subunits are
returned separately to the cytoplasm+ The protein re-
sponsible for the export of Importin-a was identified
recently as the CAS protein (Kutay et al+, 1997)+ CAS
was isolated originally as a protein implicated in apop-
tosis and cell proliferation (Brinkmann et al+, 1996)+ The
observation that CAS belongs to the family of Ran bind-
ing proteins sharing similarities with the Ran binding
domain of Importin-b (Görlich et al+, 1997) suggested
that CAS was a potential transport receptor whose sub-
strate binding could be modulated by Ran+ Indeed,CAS
binds Importin-a preferentially in the presence of Ran-
GTP, forming a trimeric complex+ Dissociation of this
complex requires the action of RanBP1 and is there-
fore likely to occur immediately after translocation to
the cytoplasm+

Nuclear retention versus export

Binding of the RNA class-specific export factors is prob-
ably the first step in the commitment of an RNA to a
transport pathway+ However, binding of hnRNP pro-
teins to a primary transcript is not sufficient for export+
For instance, unspliced pre-mRNAs associated with
hnRNP A1 are not exported+ These observations lead
to the suggestion that factors mediating nuclear reten-
tion, such as the spliceosome, must be removed from
the RNA before export can take place (Legrain & Ros-
bash, 1989)+ Little is known about the mechanism un-
derlying nuclear retention, but the recent identification
of a dominant nuclear retention signal (NRS) in hnRNP
C suggests that the selection of RNAs for export may
involve removal of specific retention factors (Nakielny
& Dreyfuss, 1996)+ Indeed, it has been reported that
several proteins that are associated with the mRNP in
the nucleoplasm are selectively removed prior to or
during translocation through the pore (reviewed by
Daneholt, 1997)+

Viral RNA elements can override
nuclear retention

Retroviruses have evolved a mechanism that allows
the nuclear export of unspliced forms of viral RNAs
necessary for viral replication+ In complex retroviruses
such as HIV-1, this occurs by the interaction of the viral
Rev protein with an RNA sequence, the RRE (Malim
et al+, 1989)+ The complex is then exported by virtue of
the Rev-NES (Fischer et al+, 1995)+ Simple retroviruses
do not encode a Rev-like trans-acting protein and ex-
port of their unspliced RNA relies on the interaction of

FIGURE 4. Steps in RNA nuclear export+ RNAs are exported in as-
sociation with proteins as large RNP complexes+ The RNP NESs are
likely to be provided by some of the RNP-associated proteins+ RNA-
binding proteins bearing an NES are defined as adapters (A)+ The
presence of high concentrations of Ran-GTP in the nucleus facili-
tates the binding of the export receptors (R) with the NES+ Prior to
translocation, some nuclear retention (NR) factors are stripped from
the RNA+ In the cytoplasm, RanGAP and RanBP1 promote GTP
hydrolysis by Ran and thus the dissociation of the receptor RNP
complexes+
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an RNA element with cellular factors+ In simian type D
retrovirus, this sequence element is referred to as CTE,
constitutive transport element, because its interaction
with cellular factors results in constitutive export of un-
spliced viral RNAs (Tabernero et al+, 1996; Ernst et al+,
1997)+ Cellular factor(s) then may play a role analo-
gous to that of Rev protein+ Substitution of the RRE
by the SRV-1 CTE renders HIV-1 replication Rev-
independent (Zolotukhin et al+, 1994), reinforcing the
idea that the CTE directs unspliced RNAs to the same
export pathway used by Rev protein+ Surprisingly, this
is not the case+ Microinjection experiments in Xenopus
oocytes (Pasquinelli et al+, 1997; Saavedra et al+, 1997a)
and transfection experiments in mammalian cells (Zo-
lotukhin & Felber, 1997) demonstrate that the CTE pro-
motes export of intron-containing RNAs by a pathway
distinct from that used by the RRE-Rev system+ Fur-
thermore, although CRM1 mediates Rev and U snRNAs
export, the CTE interacts with factors required for the
export of cellular mRNAs (Pasquinelli et al+, 1997;
Saavedra et al+, 1997a)+ Thus, it seems that different
retroviruses have recruited different cellular factors to
accomplish the same function: overcoming nuclear re-
tention and promoting export of their RNAs+Although it
is likely that Rev exports RRE-containing RNAs by in-
teracting with CRM1, it is not obvious how Rev, or the
CTE binding factors, overcome retention+ The study of
viral elements that bypass nuclear retention may shed
light on this poorly understood intranuclear mechanism+

Regulated nuclear export of cellular RNAs

Only two examples of regulation of cellular nuclear RNA
export are known+ Maternal histone mRNAs in sea ur-
chin oocytes are retained in the nucleus till the onset of
oocyte maturation (Showman et al+, 1982; De Leon
et al+, 1983)+ In the absence of stress, the cellular path-
way for mRNAs exports yeast heat-shock mRNAs+ Fol-
lowing heat or ethanol stress, the bulk of polyadenylated
RNAs is retained in the nucleus, whereas heat-shock
mRNAs are exported by a specific pathway that does
not require Npl3p and seems to be independent of the
RanGTPase cycle (Saavedra et al+, 1996, 1997b)+ Dis-
ruption of the nonessential RIP1 gene blocks the heat-
shock pathway following stress (Saavedra et al+, 1997b;
Stutz et al+, 1997)+ Rip1p previously has been pro-
posed to mediate Rev function in yeast (Stutz et al+,
1995)+ Consistent with this proposal, overexpression of
the HIV-1 Rev protein leads to a partial block of heat
shock mRNA export following stress (Saavedra et al+,
1997b)+ Furthermore, Rip1p interacts genetically with
Gle1p/Rss1p (Murphy & Wente, 1996;Stutz et al+, 1997)+
Because Gle1p exhibits a Rev-like NES and is essen-
tial for mRNA export under normal growth conditions,
these observations provide further support to the hy-
pothesis that, in yeast, mRNA and heat shock mRNA
export pathways are somehow linked to the Rev-like

NESs export pathway (see above, Murphy & Wente,
1996; Segref et al+, 1997; Stade et al+, 1997)+

Recycling of export factors: The link
between export and import

One important consequence of the shuttling receptor
concept is that, once the cargo is delivered in one com-
partment, the receptors need to be recycled to the orig-
inal compartment to initiate further rounds of transport+
Shuttling, the cyclic movement of a molecule between
the nucleus and cytoplasm, seems to be an intrinsic
property of the transport receptors and mediators+ CBC
provides a clear example of the shuttling of a transport
mediator and the link between import and export+ In
Xenopus oocytes, CBC exists in complex with a frac-
tion of Importin-a+ Binding of Importin-a to CBC is me-
diated by a bipartite NLS present on CBP80+ The
heterotrimer, CBP80/CBP20/Importin-a, binds capped
RNAs+ However, when Importin-b interacts with the
CBC-bound Importin-a, capped RNA is released (Gör-
lich et al+, 1996b)+As discussed above, the asymmetric
distribution of Ran-GTP only allows the Importin-a/b
interaction to occur in the cytoplasm+ Thus, in the cy-
toplasm, binding of Importin-b leads to the formation of
b/a/CBC complexes that will promote the release of
the export substrate and the commitment of CBC to
nuclear re-entry+Regardless of whether Importin-a bind-
ing occurs before or after translocation, the end result
of Importin-b addition will be the release of the RNA in
the cytoplasm and the recycling of CBC to the nucleus+
This provides an economical and efficient mechanism
to accomplish two goals: RNA release and recycling of
an RNA–export mediator to the nucleus+ It remains to
be elucidated how other RNA-binding proteins that ac-
company the export substrate to the cytoplasm are
removed from the RNA and returned to the nucleus+

Different export pathways converge at the NPC

The existence of specific RNA export factors does not
exclude that some nonlimiting factors may be common
and play a role in the export of all RNA classes+ Evi-
dence for common steps in RNA export came from the
use of inhibitors that affect more than one RNA class,
such as WGA (Neuman de Vegvar & Dahlberg, 1990),
anti-nucleoporin antibodies (Featherstone et al+, 1988;
Terns & Dahlberg, 1994), and Rev-NES peptide con-
jugates (Fischer et al+, 1995)+ It is not surprising that
WGA and the monoclonal antibody mab414 block sev-
eral export processes because they each bind to mul-
tiple nucleoporins+ Powers et al+ (1997) have reported
that microinjection of antibodies raised against the nucle-
oporin Nup98p inhibited U snRNA and mRNA export
without affecting tRNA export+ In another study, over-
expression of Nup153 in mammalian cells resulted in
nuclear accumulation of poly(A)1 RNA (Bastos et al+,

360 E. Izaurralde and S. Adam



1996)+ Interestingly, the overexpressed C-terminal do-
main of Nup153 accumulated in the cytoplasm and in-
hibited mRNA export, suggesting that this domain may
be titrating a soluble factor required for export of cel-
lular mRNAs+ In both studies, protein import was not
affected, suggesting that Nup98p and Nup153p have a
function only in export+ This is consistent with their lo-
calization at the nucleoplasmic side of the pore com-
plex+ Analysis of the role of specific nucleoporins on
transport is far more advanced in yeast (for a recent
review, see Doye & Hurt, 1997)+ Although some nucle-
oporins may affect nuclear export indirectly, either by
blocking protein import or by affecting the structure of
the NPC, a direct role of some nucleoporins in mRNA
export has been suggested by the existence of con-
ditional mutants that led to a rapid accumulation of
poly(A)1 RNA in the nucleus, at the nonpermissive
temperature, without affecting protein import+ Nucle-
oporins of these class are Nup133p/Rat3p, Nup159/
Rat7p,Nup120p/Rat2p,Nup84p,Nup85p/Rat9p,Gle2p/
Nup40p/Rae1p, Gle1p/Brr3/Rss1p, and Mex67p (see
Doye & Hurt, 1997 and references therein)+

PERSPECTIVES

The past years have seen great progress in the char-
acterization of import and export signals and the iden-
tification of the receptors that recognize them+ We are
also close to understanding how the receptor–cargo
interactions are regulated and how these interactions
impart directionality to the transport process+ How-
ever, the mechanism for movement of macromolecules
through the pore remains a challenge for the foresee-
able future+ Two working models suggested by struc-
tural and biochemical analyses of the pore complex
have been proposed+ The first model proposes that
transport is a stochastic process, mediated by re-
peated assembly and disassembly of transport com-
plexes on an array of nucleoporin binding sites through
the pore (Rexach & Blobel, 1995)+ The second model
proposes that a discrete number of binding sites me-
diate movement of the transport complex, with involve-
ment of the cytoplasmic pore filaments (Panté & Aebi,
1996)+Whether there are few or many binding sites for
the transport complex as it moves through the pore, the
physical interactions of all of the transport factors will
need to be known to fully understand this process+

The question of movement of transport complexes
through the pore will be addressed more readily when
we know more about the structure of the pore+ The
recent sequencing of the yeast genome and the iden-
tification of nucleoporins in purified yeast nuclear pores
means that we will soon have in hand many of the
components of the pore, at least in yeast (Rout & Blo-
bel, 1993)+ One difficulty in defining nucleoporin func-
tions has been the lack of clear counterparts between
yeast and vertebrate nucleoporins+ Much of the de-

tailed pore structure and localization of pore proteins
has been done on Xenopus oocyte nuclear pores (Panté
& Aebi, 1993)+ It would be extremely useful if the se-
quence information and genetic interactions of nucle-
oporins derived from yeast could be tied to the Xenopus
structural work+

Probably the least clear aspect of transport is the
role of energy in the process+ Is the energy released
upon GTP hydrolysis by Ran utilized for a mechanical
process or is GTP hydrolysis merely needed to main-
tain the proper ratio of Ran-GDP to Ran-GTP? Are
there other GTPase or ATPases involved and how are
they utilized? Does movement through the pore require
a motor molecule or are guided diffusion pathways suf-
ficient to explain the transport kinetics observed? If
these questions are answered as quickly as the recep-
tors have been identified, we should very soon have a
clearer picture of the mechanism of nucleo-cytoplasmic
transport+
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